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ABSTRACT: With the aim to obtain controlled release and to preserve the antioxidant activity of the polyphenols,
nanoencapsulation of white tea extract into polymeric nanoparticles (NPs) based on poly(ε-caprolactone) (PCL) and alginate
was successfully performed. NPs were prepared by nanoprecipitation method and were characterized in terms of morphology and
chemical properties. Total polyphenols and catechins contents before and after encapsulation were determined. Moreover, in
vitro release profiles of encapsulated polyphenols from NPs were investigated in simulated gastrointestinal fluids. The antioxidant
activity and stability of encapsulated extract were further evaluated. Interestingly, NPs released 20% of the polyphenols in
simulated gastric medium, and 80% after 5 h at pH 7.4, showing a good capacity to control the polyphenols delivery.
Furthermore, DPPH• assay confirmed that white tea extract retained its antioxidant activity and NPs protected tea polyphenols
from degradation, thus opening new perspectives for the exploitation of white tea extract-loaded NPs for nutraceutical
applications.

KEYWORDS: white tea extract, nanoparticles, controlled release, antioxidant activity

■ INTRODUCTION

The health benefits associated with tea consumption have been
attributed to the major polyphenolic constituents, the flavan-3-
ols, also known as catechins, which include (+)-epigalloca-
techin-3-gallate (EGCG), (+)-epigallocatechin (EGC), (+)-epi-
catechin-3-gallate (ECG), and (+)-epicatechin (EC) (Figure
1).1

Despite the promising results in preclinical studies as
chemopreventive agents, the extensive use of catechins has
met only limited success, mostly due to their instability to
oxygen, change in pH, temperature, and light, as well as their
inefficient systemic delivery and low bioavailability.2,3

In this context, the encapsulation of catechins into micro-
and nanosystems is emerging as a useful strategy to protect
these bioactive compounds from undesirable effects of
environmental conditions, thus retaining the structural integrity
until the time of consumption or administration.4 Moreover,
this approach provides carriers able to prevent the degradation
during digestion, thus enhancing subsequent bioactivity and
bioavailability, and to promote a controlled release as well as
targeted delivery.5,6

The individual tea catechins are not equally chemically or
biologically active. However, it has been reported that an
unfractionated green tea extract has a synergistic and therefore
more antioxidant effects than any single component.7 There-
fore, it is interesting to explore the behavior of tea extracts
encapsulated into nanosystems in terms of effective antioxidant
activity and improved controlled delivery and stability of
bioactive polyphenols. Despite the numerous nanoformulations
containing the active ingredient EGCG,8−11 only few examples
have been described for the encapsulation of green tea
extract.12,13 Recently, several papers suggested that white tea

presents higher levels of antioxidants than green tea because it
contains the most pharmacologically active catechin deriva-
tives.14−16 Regardless of the valuable data reported so far from
green tea, few investigations have been generated from white
tea, and there are no publications on white tea extract
encapsulation into nanoparticles (NPs).
Because of their attractive bioactive properties, the present

study aims to formulate the white tea extract into novel
polymeric NPs for nutraceutical applications to control the tea
polyphenols release in gastrointestinal fluids and to preserve the
antioxidant activity. Moreover, the influence of encapsulation
on the storage stability of extract was investigated.

■ MATERIALS AND METHODS
Materials. White tea (Pai Mu Tan) leaves were kindly provided

from Erboristeria Ghinato (Sassari, Italy). Poly(ε-caprolactone)
(PCL), alginic acid, sodium salt from brown algae (Alg, low viscosity),
pluronic F-127 (a block copolymer of poly(ethylene oxide)-poly-
(propylene oxide)-poly(ethylene oxide), Folin−Ciocalteu’s reagent,
and 2,2-diphenyl-1-picryl hydrazyl (DPPH) were purchased from
Sigma-Aldrich (Steinheim, Germany). (−)-Epigallocatechin gallate
(EGCG) (98%), (−)-epigallocatechin (EGC) (98%), (−)-epicatechin
gallate (ECG) (98%), and epicatechin (EC) (98%) were supplied by
Zhejiang Yixin Pharmaceutical Co., Ltd. (Lanxi, Zhejiang, China).

Preparation of Tea Extract. Tea extract was prepared by infusion
of 1.0 g of leaves in 20 mL of distilled water at 60 °C for 30 min and
then filtering through Whatman No. 1.
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Analysis of Total Polyphenol Content (TPC). The TPC of tea
extract was determined using the Folin−Ciocalteu method.17,18

Results were expressed as milligrams of gallic acid equivalents per
grams of leaves (GAE mg/g).
HPLC Analysis of Catechins Content. Catechins in white tea

extract were identified and quantitated using a modified HPLC
method.19 A 20 μL aliquot of the standard (EGCG, ECG, EGC, and
EC) solutions and sample extract was injected and analyzed two times
using a Flexar HPLC (PerkinElmer Inc., Waltham, MA). The column
used was a 250 mm × 4.6 mm i.d., 5 μm, Restek ultra C18 (Restek
Corporation, Bellefonte, PA), with an elution flow rate of 1.5 mL/min,
and a linear solvent gradient of A−B [(A, 10 mM KH2PO4 (pH 4.0);
B, CH3CN/H2O (65%/35%)], as follows: 0 min, 20% B; 5 min, 20%
B; 15 min, 30% B; 40 min, 60% B. The absorbance was measured at
280 nm. TotalChrome software program was used for data acquisition
and processing. The catechins content of the white tea extract was
expressed as a percentage by mass on a sample dry matter basis.

Nanoparticle Formulations. The white tea extract was
encapsulated into polymeric NPs by using a nanoprecipitation method.
Polycaprolactone (PCL) was dissolved in 3 mL of acetonitrile and
added dropwise, under magnetic stirring (700 rpm), into a solution
containing F-127 (0.5% w/v), alginate (0.1%, 0.5%, and 1.0% w/v),
white tea extract, and water (2:2:1:5 v/v), to give a final polymer
concentration of 6.0 mg/mL. The resulting colloidal suspension was
evaporated under stirring (500 rpm) at room temperature for 1 h to
remove the organic solvent. NPs were centrifuged at 10 000 rpm for 5
min and washed three times with water to remove the unencapsulated
extract. A part of the NPs dispersion was lyophilized, and collected for
other experiments.

Nanoparticle Characterization. Scanning Electron Microscopy
(SEM) Analysis. Morphological examination of NPs was performed by
analysis with a model 962 scanning electron microscope (Carl Zeiss
Inc., Jena, Germany). A drop of the NPs aqueous suspension was
placed on an aluminum stub and dried under a vacuum for 12 h. The

Figure 1. Structures of (+)-epigallocatechin-3-gallate (EGCG), (+)-epigallocatechin (EGC), (+)-epicatechin-3-gallate (ECG), and (+)-epicatechin
(EC).

Figure 2. Representative HPLC chromatograms of (A) standards mixture and (B) white tea extract.
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samples were analyzed at 20 kV acceleration voltage after gold
sputtering, under an argon atmosphere.
Measurement of Particle Size (PS) and Polydispersity Index (PI).

PS and PI were measured by using photon correlation spectroscopy
with a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK)
at 25 °C, and a scattering angle of 90° after dilution of samples with
Milli-Q water. Each sample was measured in triplicate.
Encapsulation Efficiency (EE%). The extract encapsulation capacity

of NPs was evaluated in terms of both TPC and catechins content.
An aliquot of 1.0 mg of freeze-dried NPs was dissolved in 100 μL of

acetonitrile and added to 100 μL of water. After centrifugation (10 000
rpm, 10 min), the supernatant was analyzed by using the Folin−
Ciocalteu assay and the HPLC method previously reported. The EE%
was calculated as the ratio between the amount of TPC and catechins
encapsulated in NPs and their weight in the extract used for NPs
preparation.
Fourier Transform Infrared Spectroscopy (FT-IR). The chemical

composition of the white tea extract, PCL, alginate, tea extract-loaded
NPs, tea extract/PCL, and tea extract/alginate blends was analyzed by
FT-IR spectroscopic measurements by using a Bruker Vertex 70v
spectrophotometer (Bruker Optik, Ettlingen, Germany) at a resolution
of 4 cm−1 in KBr pellets, in the range 400−4000 cm−1.
Release Kinetics of Polyphenols. A known amount of NPs (10

mg) suspended in 400 μL of distilled water or unencapsulated white
tea extract (200 μL) was placed into dialysis bags and suspended in 20
mL of 0.1 M HCl (pH 1.2) for 2 h followed by PBS buffer solution
(pH 7.4, 20 mL) for 5 h, to simulate gastric and intestinal fluids,
respectively (37 ± 0.5 °C, 400 rpm). At defined time intervals, 1.0 mL
of the supernatant was withdrawn and replaced with an equal volume
of fresh medium to maintain a constant volume. The cumulative
amount of TPC released was analyzed by using the Folin−Ciocalteu
assay and expressed as % with respect to TPC into NPs.
Determination of Antioxidant Activity by the Scavenging of

the Stable Radical DPPH•. The antioxidant activity by the
scavenging of the stable free radical, DPPH•, was determined
according to the methods previously reported.20 The experiments
were carried out on various concentrations of unencapsulated white
tea extract (0.25−25 μg/mL) and white tea extract-loaded NPs (25−
300 μg/mL).

Stability Studies. The stability of encapsulated white tea extract
was evaluated by monitoring TPC and catechin contents during
storage. Tea extract-loaded NPs (3.0 mg) in aqueous suspension (200
μL) and white tea extract were stored, under static conditions, at
different temperatures (25 and 40 °C) for 30 days. Before analysis, the
NPs were freeze-dried and then dissolved in 200 μL of acetonitrile.

The TPC and catechin content of NPs and white tea extract
samples were then analyzed by using the Folin−Ciocalteu assay and
HPLC method, respectively, as reported above.

Statistical Analysis. All data were expressed as the mean ± SD of
three replications of the experiment. Statistical analysis was performed
by one-way analysis of variance (ANOVA) and Student’s t test.
Significant difference was considered at p < 0.05.

■ RESULTS AND DISCUSSION

Preparation and Characterization of White Tea
Extract. Tea leaves were extracted using water as solvent,
chosen because of its high yield rate, low cost, safety, and
accessibility in comparison with the organic solvents. The other
extraction parameters (temperature, time, and the ratio of
water-to-tea) were selected on the basis of their impact on the
extraction process efficiency, previously investigated for the
green tea.21

An average of 291.33 ± 6.11 mg of the extract was collected
from 1.0 g of dry white tea leaves. In agreement with literature
data,22 TPC of tea extract, determined by Folin−Ciocalteu
reagent assay, resulted in 87.29 ± 0.48 GAE mg/g,
corresponding to 29.96 ± 0.63% of dry extract.
The major catechins in white tea extract were identified by a

comparison of their retention times with those of standards at
UV absorption spectra of 280 nm. Figure 2A and B shows the
representative chromatogram of a standard mixture and white
tea extract, respectively. As illustrated, the retention times for
the studied catechins, EGC, EC, EGCG, and ECG, were 4.3,
10.5, 11.8, and 19.3 min, respectively. Moreover, the peak
detected at 6.1 min in tea extract (Figure 2B) corresponds to
caffeine.

Figure 3. Particle size distributions and SEM images of white tea extract-loaded NPs prepared by using (A, B) 0.1%, (C, D) 0.5%, and (E, F) 1.0% of
alginate (% w/v), respectively.
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As expected, the tea extract was rich in catechins,
predominantly in EGCG (31.31 ± 2.54 of mg/g dry white
tea leaves), followed by ECG (6.87 ± 0.56 mg/g), EGC (2.70
± 0.12 mg/g), and EC (1.46 ± 0.39 mg/g).
Formulation and Characterization of White Tea

Extract-Loaded NPs. In this study, white tea extract was
encapsulated into polymeric NPs by a nanoprecipitation
technique using PCL and alginate as carrier materials. Among
biodegradable polymers, PCL alone or in combination with
many other polymers shows an excellent biocompatibility and
great permeability, which make it a suitable candidate for
controlled drug delivery.23,24 In our previous studies, docetaxel-
loaded NPs composed of block copolymers of poly(D,L-lactide-
co-caprolactone) and poly(L-lactide-co-caprolactone-co-glyco-
lide)25 and resveratrol-loaded NPs based on PCL and poly-
D,L-lactide-co-glycolic acid)−poly(ethylene glycol) blend were
successfully prepared and explored for prostate cancer treat-
ment.26 However, the naturally occurring biopolymer alginate
has been employed for the production of a broad spectrum of
drug delivery micro- and nanosystems.27,28 To optimize the
NPs formulation conditions, different amounts of alginate
(0.1%, 0.5%, and 1.0% w/v) were initially employed. Results
demonstrated that the composition of NPs strongly influenced
the size and distribution of NPs. In particular, as displayed in
Figure 3, NPs obtained with alginate at lower concentration
(0.1% w/v) are characterized by a mean particle size of about
300 nm with a wide distribution (PDI 0.397 ± 0.27) (Figure
3A and B). Conversely, by increasing the alginate concentration
to 1.0% w/v, NPs showed a larger particle size distribution
(560.80 ± 17.77 nm), probably due to the high viscosity of
alginate solution that promoted a larger particle precipitation
with a tendency to separate (Figure 3E and F). The optimal
alginate concentration was found to be 0.5% w/v that produced
NPs with spherical shape, a mean diameter of 380.80 ± 37.97
nm, and a unimodal distribution (PDI 0.15 ± 0.06) (Figure 3C
and D). With regard to particle size and colloidal stability, these
NPs were selected for the subsequent studies.
The TPC encapsulation efficiency, calculated by the Folin−

Ciocalteu assay, was established as 24.07 ± 1.26%, correspond-
ing to 24.24 ± 1.60 GAE μg/mg of NPs. However, the HPLC
chromatograms of extract encapsulated into NPs revealed the
presence only of the most abundant catechins EGCG and ECG
(Figure 4). The amount of EGCG and ECG detected
corresponds to encapsulation efficiency values of 30.62 ±
0.89% and 32.60 ± 5.39%, respectively. Additionally, the
complete disappearance of the caffeine peak was observed in
the chromatogram. We hypothesize that, during the encapsu-
lation process, the caffeine can establish strong interactions
with acidic groups of alginate in solution, contributing to a

reduced incorporation into the polymer matrix and can be
removed later during washing or freeze-drying steps.
The chemical interactions after encapsulation of tea extract

into NPs were investigated by FT-IR spectroscopy, and the
results are reported in Figure 5. According to the literature,26,29

for PCL, the bands at 2950−2865 cm−1 were assigned to CH2
stretching. The peak at 1725 cm−1 represented CO ester
stretching, while peaks at 1293, 1240, and 1190 cm−1

corresponded to C−O and C−C, C−O−C, and O−C−O
stretching, respectively. Sodium alginate showed a broad band
at 3650−3000 cm−1 due to O−H stretching, the bands at 1620
and 1418 cm−1 were assigned to asymmetric and symmetric
stretching peaks of carboxylate salt groups, respectively, and the
bands around 1030 cm−1 were attributed to C−O−C
stretching.30 Most of the absorptions of white tea extract are
well consistent with the data reported in the literature.31 The
broad band between 3650 and 3000 cm−1 was consistent with
O−H stretching and with N−H stretching in primary and
secondary amines, and amides. The bands between 2940 and
2860 cm−1 were assigned to C−H stretching of aliphatic

Figure 4. HPLC chromatogram of white tea extract-loaded NPs.

Figure 5. FTIR spectra of (A) pure PCL, (B) pure alginate, (C) white
tea extract, (D) white tea extract-loaded NPs, (E) tea extract/PCL
blend, and (F) tea extract/alginate blend.
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groups. The band at 1700 cm−1 represented the CO
vibrations. The strong band at 1640 cm−1 was due to the CC
vibration of aromatic structures, CO stretching of primary
amide, and carboxylic acids. Another broad band was noted
between 1450 and 1360 cm−1 arising from the O−H, and C−O
vibration stretching. The band at 1250 cm−1 is generally linked
to C−H stretch and O−H deformation of carboxyl groups, and
to the N−H of amide II.32 The presence of the extract in NPs
was confirmed by the broad band between 3650 and 3000
cm−1, and the band at 1600 cm−1, while the shifted peak at
1760 cm−1 indicated both the intermolecular and the hydrogen-
bonding interactions between polymers and white tea extract.
Meanwhile, the FTIR spectra of tea extract/PCL and tea
extract/alginate in physical mixtures did not shown any
significant shift, suggesting that the mentioned chemical
interactions were most favored during the nanoprecipitation
process.
Release Kinetics of Polyphenols. To assess the potential

of prepared NPs for oral administration, we performed the in
vitro release test at pH 1.2 for 2 h followed by pH 7.4 for 5 h, to
reproduce the gastric and intestinal fluids, respectively.
As shown in Figure 6, in the case of free tea extract a rapid

and complete dissolution of polyphenols within the first 2 h at

acidic pH was observed. In contrast, the tea extract-loaded NPs
exhibited a controlled release in both tested conditions. In
particular, NPs released about 20% of the encapsulated
polyphenols in simulated gastric medium, and about 80%
content within the subsequent 5 h at pH 7.4. This finding could
be related to the low permeability of the water in the
hydrophobic matrix of the NPs, due to the presence of PCL,
and to the interaction of polyphenols−polymers that makes
difficult the polyphenols’ dissolution in water, thus retarding
the release.33 In addition, the presence of alginate promotes the
formation of a gelatinous layer following the hydration, which
can act as a polyphenols diffusion barrier.34

To assess the kinetics of polyphenols release from NPs, the
in vitro release data were fitted to established mathematical
models (zero-order [Q = k0t], first order [ln {100 − Q} = ln Q0
− k1t], Higuchi [Q = kHt

1/2]). Additionally, to better
understand the release mechanism, the data were fitted to the
Korsmeyer−Peppas exponential model Mt/M∞ = ktn, where
Mt/M∞ is the fraction of polyphenols released after time t, k is a

kinetic constant, and n is the release exponent that characterizes
the different release mechanism.35,36

The correlation values (R2) were used as an indicator of the
best fitting of the models considered for loaded-NPs at different
pH values. Comparison of the correlation coefficients identified
the Higuchi model as that with the best fit of data at acidic pH
(0.9918), while at pH 7.4 the release profile was consistent with
zero-order kinetics (0.9840) (data not shown).
In simulated gastric conditions, the value of n ≤ 0.5 revealed

that the polyphenols’ release follows a classical Fickian
diffusion-controlled mechanism, which is assumed to be
facilitated by the swelling of alginate, whereas for values 0.5 <
n < 1 found at pH 7.4, it is an indicator of both phenomena
(drug diffusion in the hydrated matrix and polymer relaxation),
which usually describes anomalous transport.37

DPPH• Inhibition. The polyphenolic composition of tea
and especially the amount of catechins have aroused great
interest because of their ability to scavenge free radicals, thereby
inhibiting oxidative stress that is believed to be involved in
several diseases.38,39

Free radical scavenging activities of unencapsulated white tea
extract as a function of concentration are shown in Figure 7A.

The results indicated that the antioxidant activity of tea extract
is concentration-dependent. This DPPH• inhibition percentage
reached its maximum (98.07 ± 3.02%) at a concentration of 25
μg/mL white tea extract, with an IC50 value of 7.30 ± 0.27 μg/
mL.
To prove the retention of antioxidant activity of tea extract

after encapsulation, the DPPH• inhibition test was performed
at different concentrations of tea extract-loaded NPs. As
depicted in Figure 7B (without the ultrasound), only 60% of
DPPH• inhibition was observed at higher concentration (0.3
mg/mL), with an IC50 value of 0.190 ± 0.16 mg/mL, probably

Figure 6. In vitro release profiles of polyphenols (TPC) from free
white tea extract and from tea extract-loaded NPs in 0.1 M HCl (pH
1.2) for 2 h, followed by PBS (pH 7.4) for 5 h. Data are means ± SD,
n = 3.

Figure 7. Comparison of DPPH• inhibition percentage of white tea
extract (a) and tea extract-loaded NPs (b) at different concentrations,
with and without ultrasound treatment. Data are means ± SD, n = 3.
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due to the slow release of loaded polyphenols. Because only the
free polyphenols are able to show the activity toward DPPH•,
to facilitate their release from NPs the test was then performed
by incubation of the samples in an ultrasonic bath. As shown, a
significant increase (p < 0.05) of DPPH• inhibition percentage
at all tested concentrations was obtained, with an IC50 of 0.043
mg/mL, indicating that white tea extract maintained a good free
radical scavenging activity after encapsulation into NPs.
Stability Studies. Several studies reported that polyphenols

are subject to degradation by many environmental conditions,
and temperature represents the dominant factor.40,41 The
catechin degradation involves different reactions (i.e., epimeri-
zation, oxidation, polymerization, etc.), and it was associated
with a loss of catechins, mainly of EGCG, which appears to be
susceptible to degradation during storage.42,43

In this study, the TPC and catechin retention of tea extract-
loaded NPs and unencapsulated tea extract, stored at different
temperature (25 and 40 °C), was monitored over 30 days. The
results show that, overall, the polyphenols content was strongly
influenced by the storage temperature (data not shown). The
exposure of tea extract at 25 °C produced about 65% of TPC
retention that significantly decreased to 43.7 ± 3.2% for the
samples stored at 40 °C. However, the encapsulation of tea
extract into NPs largely prevented its degradation with respect
to free white tea extract, providing a TPC loss of 12.6% and
24% of the initial content with increasing storage temperature.
These results were also confirmed by HPLC analyses that

revealed a significant reduction of EGCG concentration in the
free white tea extract in comparison to the encapsulated extract
(data not shown). The catechin content of loaded NPs,
measured at 25 and 40 °C, was 1.3- and 1.7-fold higher than
that in the free tea extract, respectively.
In summary, in this study the formulation of white tea extract

into novel polymeric NPs for nutraceutical applications has
been investigated. The results clearly demonstrated the
effectiveness of the nanoencapsulation to control the white
tea extract release in gastrointestinal fluids and to preserve the
antioxidant activity of the polyphenols. Moreover, the
encapsulation of the white tea extract into NPs significantly
increased stability, thus preventing the losses of TPC and
catechins over 30 days of storage. The application of this
nanotechnology could offer interesting perspectives for the
potential use of white tea extract as innovative nutraceuticals.
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